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ABSTRACT
We study the interplay between several properties determined from Optical and a com-
bination of Optical/Radio measurements, such as the effective Oxygen yield (yeff), the star
formation efficiency, gas metallicity, depletion time, gas fraction, and baryonic mass (Mbar),
among others. We use spectroscopic data from the SDSS survey, and HI information from
the ALFALFA survey to build a statistically significant sample of more than 5,000 galax-
ies. Furthermore, we complement our analysis with data from the GASS and COLD GASS
surveys, and with a sample of star forming galaxies from the Virgo cluster. Additionally, we
have compared our results with predictions from the EAGLE simulations, finding a very good
agreement when using the high resolution run. We explore in detail the Mbar-yeff relation,
finding a bimodal trend that can be separated when the stellar age of galaxies is considered.
On one hand, yeff increases with Mbar for young galaxies(log(tr) < 9.2 yr), while yeff shows
an anti-correlation with Mbar for older galaxies (log(tr) > 9.4 yr). While a correlation between
Mbar and yeff has been observed and studied before, mainly for samples of dwarfs and irreg-
ular galaxies, their anti-correlated counterpart for massive galaxies has not been previously
reported. The EAGLE simulations indicate that AGN feedback must have played an important
role in their history by quenching their star formation rate, whereas low mass galaxies would
have been affected by a combination of outflows and infall of gas.
Key words: galaxies: abundances – galaxies: fundamental parameters – galaxies: star forma-
tion – galaxies: abundances
1 INTRODUCTION
The evolution of galaxies is intimately dependent on the conversion
of gas into stars, the production of heavy elements, recycling of
this material into the interstellar medium, and repetitions of this
cycle. A detailed understanding of the interplay between each of
gas mass, star formation rate, and metallicity is clearly important to
understand the galaxy evolution process.
A key variable in the gas recycling process and a primary
element in the evolution of galaxies is the amount of atomic and
molecular hydrogen, or HI and H2, respectively. Large HI surveys
? E-mail: maritza@dark-cosmology.dk
such as the Arecibo Legacy Fast Arecibo L-band Feed Array (AL-
FALFA, Haynes et al. 2011), and theGALEXArecibo SDSSSurvey
(GASS, Catinella et al. 2010), have provided HI information for
thousands and hundreds of galaxies, respectively, leading to new
scaling relationships and dependencies in galaxies. Additionally,
CO information using the IRAM 30-m telescope has been explored
by the COLD GASS survey (Saintonge et al. 2011), obtaining H2
estimates for a sample of ∼350 nearby, massive galaxies.
Scaling relations between stellar mass and star formation rate
(M-SFR), and between mass and metallicity (M-Z), have been ex-
plored for many years (e.g., Tremonti et al. 2004; Noeske et al.
2007; Lara-López et al. 2013a). Only during the last decade and
with the advent of large surveys, multiwavelength approaches com-
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bining radio and optical observations have successfully provided
critical information to investigate the connection between neutral
and/or molecular gas and metallicity for large samples of galax-
ies. For example, Bothwell (2013) analyze the relationship between
metallicity, gas content and stellar mass of local galaxies using
data from SDSS and ALFALFA, finding a fundamental relationship
between those variables. Lara-López et al. (2013b) studied the rela-
tionship between cold gas, metallicity and specific SFR through the
Z-SSFR relationship. They found that at a given mass, and depend-
ing on the amount of gas, galaxies follow opposite behaviors; while
low-mass galaxies with high/low gas fractions show high/moderate
SSFR and low/high metallicities, respectively, whereas high-mass
galaxies with moderate/low gas fractions will show high/low metal-
licities.
Different physical explanations can be given to justify the na-
ture of scaling relationships. Many observational and theoretical
approaches have been done around the origin of the M-Z rela-
tion, either attributed to the presence of inflows (Dalcanton 2007),
outflows (Larson 1974), differences in the star formation efficiency
(SFE) of galaxies (Brooks et al. 2009; Finlator &Davé 2008; Calura
et al. 2009), or variations on the initial mass function (IMF, Köppen
et al. 2007).
However, the degree in which each one of them affect the
metal enrichment and SFR in galaxies is still a matter of debate.
For instance, Calura et al. (2009) reproduced the M-Z relation with
chemical evolution models by increasing the efficiency of star for-
mation in galaxies of all morphological types, without the need for
outflows favoring the loss of metals in the less massive galaxies.
Furthermore, Vale Asari et al. (2009) modeled the time evolution
of stellar metallicity using a closed-box chemical evolution picture.
They suggest that the M-Z relation for galaxies in the mass range
from 109.8 to 1011.65 M is mainly driven by the star formation
history and not by inflows or outflows.
On the other hand, it was pointed out in the high-resolution
simulations of Brooks et al. (2009), that supernovae feedback plays
a crucial role in lowering the star formation efficiency in low-mass
galaxies. Without energy injection from supernovae to regulate the
star formation, gas that remains in galaxies rapidly cools, forms
stars, and increases its metallicity too early, producing a M-Z re-
lation that is too flat compared to observations. Nevertheless, Dal-
canton (2007) affirm that the fraction of baryonic mass lost through
winds is quite modest (<15%) at all galaxymasses. Supernova feed-
back is therefore unlikely to be effective for removing large amounts
of gas from low-mass disk galaxies.
Another important feedback process that likely took place in
the history of current massive SF galaxies is given by AGNs. By
using EAGLE simulations De Rossi et al. (2017) showed that the
slope of the M-Z relation is mainly modulated by stellar feedback at
low masses, whilst AGN feedback regulates the slope at the high-
mass end. In this scenario, AGN feedbackwould generate a decrease
in the global metallicity of SF gas by quenching the star formation
activity of simulated galaxies, and also by ejecting metal-enriched
material.
This paper will make use of effective yields, which may in-
dicate observationally whether a galaxy has experienced inflows
and/or outflows. A galaxy that evolves as a closed box (e.g., Pagel
& Patchett 1975) obeys a simple analytic relationship between the
metallicity of the gas (Zgas), and the gas mass fraction µ= Mgas /
(Mgas + Mstar), where Mgas is the gas mass, and Mstar is the stellar
mass (hereafter, Mstar implies Mstar/Msun). As gas is converted into
stars, the gas mass fraction decreases and the metallicity of the gas
increases according to Searle & Sargent (1972) as:
Zgas = ytrueln(1/µ) (1)
where ytrue is the true nucleosynthetic yield, defined as the mass
in primary elements freshly produced by massive stars, in units of
stellar mass that is locked up in long-lived stars and stellar remnants.
If a galaxy evolves as a closed box, the ratio of Eq. 1 should be a
constant equal to the nucleosynthetic yield. However, this ratio will
be lower ifmetals have been lost from the system through outflows of
gas, or if the current gas has been diluted with fresh infall of metal-
poor gas. Therefore, the next ratio has been defined as effective
yield:
yeff = Zgas/In(1/µ) (2)
The effective yield will be constant (yeff=ytrue) for any galaxy
that has evolved as a closed box. The simple closed-box model
assumes both instantaneous recycling and that the products of stellar
nucleosynthesis are neither diluted by infalling pristine gas nor lost
to the systemvia outflowof enriched gas (e.g., Talbot&Arnett 1971;
Searle & Sargent 1972). In contrast, if any gas has either entered or
left the galaxy, the effective yield will drop below the closed box
value due to changes in metallicity and/or gas mass fraction. For
example, by means of an analytical chemical evolution model, (e.g.,
Kudritzki et al. 2015) showed that high effective yield of galaxies
may be explained by relatively low rates of accretion and winds.
Therefore, the effective yield is an observational quantity that can
be used to diagnose the addition or removal of gas in a galaxy, see
Edmunds et al. (1990) and Dalcanton (2007) for a more detailed
explanation on yields.
Tremonti et al. (2004) used a sample of ∼ 53,000 star forming
galaxies from the SDSS at z ∼ 0.1. By using indirect estimates
of the gas mass based on the Ha luminosity, they found that yeff
decreases with decreasing baryonicmass, attributing the decrease of
the effective yield at low galaxy masses to galactic winds removing
metals more efficiently from the shallower potential wells of dwarf
galaxies.
The direct measurement of oxygen yields requires radio ob-
servations to measure gas masses, as well as spectroscopy to mea-
sure metallicities. Then, it is natural that so far direct estimations
of oxygen yields have been explored in relatively small samples.
For example, by investigating the maximum metallicity value of
spiral galaxies, Pilyugin et al. (2007) determined the gas metallic-
ity through the electron temperature, obtaining an oxygen yield of
about∼ 0.0035. By comparing observations with analytical models,
Dalcanton (2007) reached 3 main conclusions: (1) metal-enriched
outflows are the only mechanism that can significantly reduce the
effective yield, but only for gas rich systems. (2) It is nearly impossi-
ble to reduce the effective yield of a gas-poor system, no matter how
much gas is lost or accreted, and (3) any subsequent star formation
drives the effective yield back to the close box value.
Several authors have explored effective oxygen yields for sam-
ples of dwarfs and irregular galaxies. For instance, using a sample
of dwarf and irregular galaxies, Ekta & Chengalur (2010) analyzed
extremely metal poor (XMP) galaxies , finding that the effective
oxygen yield increases with increasing baryonic mass, consistent
with what is expected if outflows of metal-enriched gas are impor-
tant in determining the effective yield. Also, galaxies in their sample
deviate from the luminosity-metallicity relation due to a combina-
tion of being gas rich, and having a more uniform mixing of metals
in their ISM. On the same line, Sánchez Almeida et al. (2014, 2015),
have argued that the low metallicities of the XMD galaxies are an
indicator of infall of pristine gas. This process would increase the
MNRAS 000, 1–19 (2019)
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effective yield of low-mass galaxies as compared to more massive
galaxies.
Furthermore, Garnett et al. (2002) analyzed a sample of 40
spiral and irregular galaxies with rotation speeds ranging from a
few to 300 km/s. He finds that the effective yield correlates with
Vrot up to Vrot ∼ 125 km/s. However, the Vrot-Yeff relation shows
a change in slope for higher Vrot values, where there appears to be
no relation. Garnett et al. (2002) attributes this change in behavior
to increasing loss of metals from the smaller galaxies in supernova-
driven winds.
Thuan et al. (2016) analyzed a sample of 29 extremely metal-
deficient blue compact dwarf (BCD) galaxies, finding that about
65% of the BCDs in their sample have an yeff larger than the
ytrue. They explain that the most likely scenario is that the yeff
has been overestimated, since when calculating it, it is assumed that
the metallicity of the neutral gas is equal to that of the ionized gas,
an assumption not likely to be true. They show that the neutral gas
envelope in BCDs is more metal-deficient by a factor of ∼ 1.5-20,
as compared to the ionized gas (see also Filho 2013; Thuan et al.
2005). The rest 35% of galaxies with effective yields lower than the
true yield, can be understood as the result of the loss of metals due
to supernova-driven outflows, and/or the consequence dilution by
inflows of metal-poor gas. They find, however, that in their sample
there is not an evident variation of the effective yield with the bary-
onic mass of the galaxy, as found by Garnett et al. (2002); Tremonti
et al. (2004); Ekta & Chengalur (2010)
Additionally, Hughes et al. (2013) analyzed the link between
the gas metallicity and HI content in galaxies. They investigated
the role of cold gas and environment using 260 nearby late–type
galaxies from isolated to Virgo cluster members, finding a constant
average effective yield of yeff = 10−2.6 with a 0.2 dex scatter across
the mass range. In general, they observe that gas–poor galaxies
are typically more metal rich, and demonstrate that the removal
of gas from the outskirts of spirals increases the observed average
metallicity by ∼ 0.1 dex.
On the other hand, spatially resolved analysis of oxygen yields
have emerge in the last years. For instance, Vílchez et al. (2019)
find that the metal budget of NGC 628 and M 101 disk appears
consistent with the predictions of the simple model of chemical
evolution for an oxygen yield between half and one solar, although
M 101 present deviations in the outermost region, suggesting the
presence of gas flow (see also Telford et al. 2019, for an analysis
of M31). Also, Zasov et al. (2015) analyzed the radial distribution
of the effective yield for a sample of 14 spiral galaxies. They show
that the maximal values of the effective yield in the main disks of
galaxies anticorrelate with the total mass of galaxies and with the
mass of their dark halos enclosed within R25.
In this paper, we examine several scaling relations by com-
bining several optical and radio properties, in particular for oxygen
yields. This paper is organized as follows: In § 2 we detail the data
used for this study, in § 3 we analyze scaling relations by com-
bining properties derived from optical and radio data. In § 4, we
analyze and compare our results with those obtained with the EA-
GLE simulations. In § 5 the analysis of the relationship between
Mbar and yeff is presented. A discussion is presented in § 6, and
finally, our conclusions are given in § 7. Throughout this paper we
assume H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7.
2 SAMPLE SELECTION
The combination of panchromatic data represent a major step on the
understanding of how galaxies assemble their mass and evolve. This
paper combines optical and radio wavelengths to produce combined
properties, such as gas fractions (µ), SFE, baryonic masses (Mbar),
and effective oxygen yields (yeff).
We consider data for emission-line galaxies from several large
surveys. In Optical, we use the Sloan Digital Sky Survey–Data
Release 7 (SDSS–DR7, Abazajian et al. 2009) and the spectroscopic
sample of the Virgo cluster from (Hughes et al. 2013). In radio we
use the ALFALFA (Haynes et al. 2011) and GASS (Catinella et al.
2010) surveys to obtain HI gas, and the COLD GASS (Saintonge
et al. 2011) survey to obtain H2 information for a subsample of our
galaxies. All galaxies from GASS and COLD GASS surveys have
optical counterparts from the SDSS survey. Since our sample is
taken from different surveys, it present different spatial resolutions
and instrument aperture sizes. Amore detailed analysis will be given
using EAGLE simulations in Appendix B.
2.1 Derived properties from optical data
Data from the SDSS were taken with the 2.5 m telescope lo-
cated at Apache Point Observatory (Gunn et al. 2006). We use
the emission-line analysis of SDSS-DR7 galaxy spectra performed
by the MPA-JHU database1. From the full dataset, we only con-
sider objects classified as galaxies in the “main galaxy sample”
(Strauss et al. 2002) with apparent Petrosian r–magnitudes in the
range 14.5 < mr < 17.77. Additionally, we make use of the spec-
troscopic data from the Virgo cluster taken with the CARELEC
spectrograph on the 1.93 m telescope at Observatoire de Haute
Provence, as described by Hughes et al. (2013).
For reliable metallicity, SFRs, and E(B-V) estimates, we se-
lected galaxies with a signal-to-noise ratio (SNR) of 3 in Hα, Hβ,
[N ii], and [O iii] λ5007 (Fig. 1, grey sample). Additionally, we se-
lected only SF galaxies using the standard BPT diagram (Baldwin,
Phillips & Terlevich 1981), with the discrimination of Kauffmann
et al. (2003b). Our final SF optical sample for SDSS is of 252,513
galaxies (Fig. 1, blue sample). This sample is used to match with
ALFALFA, GASS, and COLDGASS data as described in § 2.2.
For SDSS galaxies, total stellar masses were taken from the
MPA-JHU database, and are described in Kauffmann et al. (2003a).
Also, SFRs and Specific Star Formation Rates (SSFRs) were taken
from the same database, and are described by Brinchmann et al.
(2004). In order to identify possible biases,we compareBrinchmann
et al. (2004) SFRs with two different estimations: Duarte Puertas et
al. (2017), and direct integrated SFRs from the MaNGA-DR14. We
find a very good agreement between them, with a mean difference
between MaNGA and Brinchmann et al. (2004) of ∼0.026, and
between MaNGA and Duarte Puertas et al. (2017) of ∼0.03. For
further discussion, refer to Appendix A.
For Virgo cluster galaxies, we estimated SFRs based on the Hα line
following the prescription of Hopkins et al. (2003) and assuming
a Salpeter IMF. SFRs are corrected by Balmer Decrements, stellar
absorption, aperture and obscuration as detailed by Brough et al.
(2011), Gunawardhana et al. (2011), and Lara-López et al. (2013a).
SFRs were converted to a Chabrier et al. IMF dividing them by 1.5,
1 http://www.mpa-garching.mpg.de/SDSS/
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Figure 1. BPT diagram for our final sample of galaxies. Grey background
data show SDSS galaxies with a S/N > 3 in the four emission lines plotted.
SDSS star forming galaxies with counterparts in the AFALFA survey are
shown in blue, with the GASS survey are shown in red triangles, and COLD
GASS survey in green squares. Galaxies from the Virgo cluster are shown
in cyan filled circles.
and converted to the Brinchmann et al. (2004) system applying the
linear conversion from Lara-López et al. (2013a):
log(SFR)BCH = 0.09845 + 0.90806 × log(SFR)HOP (3)
SFRs for Virgo cluster galaxies are also estimated using the
FUV data as described by Hughes et al. (2013). Since SFRs estima-
tions using Hα and FUV agree very well, to keep consistency with
the data used in this paper, we use SFRs estimated with the Hα line.
To estimate gas metallicities, we use the three-dimensional
calibration relations for abundance determinations from a set of
strong emission lines suggested by Pilyugin & Grebel (2016).
The oxygen abundances 12+log(O/H)R are determined using the
R calibration (Eq. 4), which uses the following ratios: R2 = [O ii]
λ3727 + λ3729 / Hβ, R3 = [O iii] λ4959 + λ5007 / Hβ, and N2 =
[N ii] λ6548 + λ6584 / Hβ.
The R calibration is bimodal, for log(N2)>−0.6 (the upper branch),
we have:
12 + log(O/H)R,U = 8.589 + 0.022 log(R3/R2) + 0.399 log(N2)
+ [ −0.137 + 0.164 log(R3/R2) + 0.589 log(N2) ] × log(R2)
while for log(N2) < −0.6 (lower branch) :
12 + log(O/H)R,L = 7.932 + 0.944 log(R3/R2) + 0.695 log(N2)
+ [ 0.970 + 0.291 log(R3/R2) − 0.019 log(N2) ] × log(R2)
(4)
It has been argued that this three-dimensional R calibration
produces reliable abundances for fibre spectra from the SDSS (Pi-
lyugin et al. 2018). It should be noted that the oxygen abundances
determined through the R calibration are compatible to the metallic-
ity scale of H ii regions defined by the H ii regions with abundances
obtained through the direct Te method. Note that for SDSS data
we are estimating gas metallicities in a single 3" fiber spectra per
galaxy. To address the biases due to the SDSS fiber, in Appendix
A we compare SDSS single fiber and integrated MaNGA IFU data
for 59 common sources, finding a mean difference of ∼0.03 dex in
12+log(O/H).
Since theVirgo sample (and a sub-sample of SDSSgalaxies) do
not have all the emission lines to estimate directly the R calibration,
we created a calibration using 7733 SDSS objects with the oxygen
abundances determined through the R calibration of Pilyugin et al.
(2018), we derived the following calibration for the O3N2 index:
12 + log(O/H)RO3N2 = 8.546(±0.001)−0.265(±0.001)×O3N2 (5)
where the O3N2 index is defined as (Pettini & Pagel 2004):
O3N2 = log
( [O iii] λ5007/Hβ
[N ii] λ6583/Hα
)
, (6)
The mean difference between the metallicities estimated di-
rectly using Pilyugin & Grebel (2016) method, and metallicities
estimated from Eq. 5 is ∼ 0.01 dex, while the mean absolute per-
centage error (100%/n ×∑n
i=1 | (yi − yˆi)/yi | , where y is the actual
value and yˆ the predicted) is ∼ 0.62%.
The oxygen abundance estimated from the emission lines re-
flects the gas-phase oxygen abundance. Nevertheless, some fraction
of the oxygen is locked into dust grains. The dust depletion of oxy-
gen increases withmetallicity and is around 0.12 dex for H ii regions
of the Orion metallicity (12 + log(O/H) ∼ 8.5, Mesa-Delgado et al.
2009; Peimbert & Peimbert 2010; Espíritu et al. 2017). We adopt
the following simplest expression to describe the dust depletion of
oxygen as a function of the gas-phase abundance:
log(O/H)D = 0.08 × [12 + log(O/H)R − 7.0] (7)
Then, the total gas + dust oxygen abundance, used throughout
this paper, is:
12 + log(O/H)T = 12 + log(O/H)R + log(O/H)D (8)
Finally, as an indicator of dust content, we estimated the color
excess E(B-V) (e.g. Calzetti et al. 1996). For its estimation, different
radios from Hydrogen recombination lines can be used, for our
sample, we are using Hα and Hβ, and the prescription of Calzetti
et al. (1994) as follows:
E (B − V)gas =
log(Robs/Rint)
0.4 [ k(λHα) − k(λHβ) ] (9)
where the observed radio Robs is the Balmer decrement
(Hα/Hβ), and the intrinsic ratio Rint is 2.86, taking a case B re-
combination (Osterbrock 1989). Finally, k(λ) corresponds to the
dust extinction curve, in this case, we use Calzetti et al. (2000),
which is based on a set of starburst galaxies, appropriate for this
analysis:
k(λ) = 2.659
(
−1.857 + 1.040
λ
)
+ 4.05,
for 0.63 µm 6 λ 6 2.2 µm, and
k(λ) = 2.659
(
−2.156 + 1.509
λ
− 0.198
λ2
+
0.011
λ3
)
+ 4.05,
for 0.12 µm 6 λ 6 0.63 µm
(10)
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2.2 Combined properties from optical and radio data
ALFALFA (Haynes et al. 2011) is a blind survey of 21 cm HI
emission over ∼ 2800 deg2 of sky. We are using the catalog public
version2 α.70, which provides ∼ 15,855 HI detections, of which ∼
15,041 are associated with extragalactic objects. Since ALFALFA is
a blind survey, we select only galaxies with Code=1, which refers to
robust, reliably detected sources. We also remove sources with he-
liocentric velocities Vhelio<100.0, which are unlikely to be galax-
ies. From this subsample, we cross-match RA, DEC, and redshift
for our optical sample, obtaining a total of 15,049 galaxies, from
which 11,610 are classified as SF galaxies and meet the SN required
described in § 2.1.
In order to increase our HI coverage of massive galaxies, we
match our SDSS SF–sample described in § 2.1 with the GASS pub-
lic catalogue. The GASS survey observed a sample of ∼ 666 galax-
ies selected from the SDSS spectroscopic and GALEX imaging
surveys. GASS galaxies are selected to have stellar masses greater
than 1010 Mstar and redshifts 0.025< z <0.05. We use the pub-
lic catalogue of HI detections, which includes 379 galaxies, from
which a total of 102 galaxies belong to our SF–sample described in
§ 2.1. The rest of the GASS galaxies correspond to composite and
AGN galaxies.
Galaxies from the COLDGASS survey (Saintonge et al. 2011)
were included aswell in our sample.We found a total of 366matches
with SDSS data, fromwhich 102 are star forming galaxies, as shown
in Fig. 1. Additionally, we included galaxies from Virgo with HI
detections from (Hughes et al. 2013), adding a total of 55 SFgalaxies
to our sample.
For SDSS/ALFALFA, SDSS/GASS, and Virgo galaxies, H2
gas masses (MH2) were calculated using the prescription of (Sain-
tonge et al. 2011) as follows:
log(MH2/MHI) = 0.45 [log(Mstar) − 10.7] − 0.387 (11)
For galaxies with information from the COLD GASS survey,
we used the MH2 estimated directly through CO as shown in Sain-
tonge et al. (2011).
For the scaling relations analyzed in this paper, gas masses are es-
timated as Mgas =MHI + MH2, baryonic masses as Mbar =Mgas +
Mstar, and gas fractions as:
µ = Mgas/(Mgas + Mstar) (12)
Effective yields were estimated using Eq. 2 as yeff =
Zgas/In(1/µ). The value of the oxygen abundance O/H is tradi-
tionally expressed in units of the number of oxygen atoms relative
to hydrogen, while the value of Zgas in Eq. 2 have units of mass
fraction, we adopt the following relation given by Garnett et al.
(2002):
Zgas = 12 × OH (13)
where O/H is obtained from Eq. 8
Finally, we proceed to estimate the SFE. There are many defi-
nitions for the SFE, taking the ratio of the SFR with respect to either
the molecular gas, the neutral gas, or the gas mass (e.g. Leroy 2008).
Throughout this paper we are using the global SFE, defined as SFE
= SFR/Mgas. Additionally, we are estimating the global depletion
2 http://egg.astro.cornell.edu/alfalfa/data/index.php
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Figure 2. Stellar mass as a function of redshift for our star forming sample
with ALFALFA counterparts (shown in small black dots). The stellar mass
each galaxy would have if its magnitude was equal to the limit SDSS mag-
nitude is shown in gray dots (Mlim). Back circles show the 95% of the
M/L completeness level. Galaxies from GASS, COLDGASS and VIRGO
are shown as well using the same symbols of Fig. 1
time as tdep =Mgas / SFR. A previous study analyzing the different
depletion times for MH2 and MHI was performed by Saintonge et
al. (2011).
For all the estimated variables in § 2.1 and 2.2, we estimated
errors using the “Propagate" package developed for the “R" statis-
tical programming language. This package perform propagation of
uncertainty using higher-order Taylor expansion and Monte Carlo
simulation. We consistently used the errors provided by the Monte
Carlo simulations for all our variables.
2.3 Stellar mass completeness
Since the bulk of our sample comes from SDSS and ALFALFA
counterparts, we estimated a mass completeness limit to avoid bi-
ases. The main idea is to estimate the limiting stellar mass that a
galaxy could have if its magnitude corresponds to a mlim. We fol-
low the approach by Pozzetti et al. (2010). First, we determine for
all galaxies the minimum mass Mmin, above which galaxies are
complete. To derive Mmin, we calculate the limiting stelar mass
Mlim,i of each galaxy, i.e., the mass it would have, at its spectro-
scopic redshift, if its apparent magnitude were equal to the limiting
magnitude of the survey (for SDSS Ilim=17.77, Strauss et al. 2002;
Abazajian et al. 2009), given by:
log(Mlim,i) = log(Mstar,i) + 0.4(Ii − Ilim) (14)
The result is a distribution of limiting stellarmassesMlim , that
reflects the distribution of stellar M/L ratios at each redshift in our
sample (gray dots in Fig. 2). After computingMlim for all galaxies
in our sample, we selected the faintest 20% in redshifts bins of ∆z
= 0.005. Then, for each bin we determine the mass below which lie
95% of these faint objects, shown in black circles in Fig. 2. We then
MNRAS 000, 1–19 (2019)
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Figure 3. Histograms of all our estimated variables for our final star forming sample. Light blue histograms with solid contours show our sample within the
completeness limit, while light gray histograms show the sample outside the completeness limit.
defineMmin as the upper envelope fit of theMlim distribution, as
shown in the same figure. For the whole paper, we will use only
galaxies above the mass completeness limit (blue shaded galaxies
in Fig. 2). Galaxies below the mass completeness limit are shown
in gray in Figs. 4-9 and 11-12, and are not used for any fit. In total,
6086 star forming galaxies lie within the completeness limit.
In summary, we have 6086 star forming galaxies with
SDSS/ALFALFA counterparts within the completeness limit, 102
SDSS/GASS counterparts, 102 SDSS/COLD GASS counterparts,
and 55 galaxies from the Virgo cluster. The distribution of the
main properties for our final sample of SF galaxies, is shown in
the histograms of Fig. 3, where blue histograms show the galax-
ies within the completeness limit, and grey histograms the galaxies
outside the completeness limit. From those histograms, we notice
that for gas metallicities and gas fractions, the peak of the distri-
bution is shifted considerable between galaxies within and outside
the completeness limit. Since the completeness criteria is rejecting
the lowest mass galaxies at given redshift (see Fig. 2), the stellar
masses of the galaxies within the completeness limit are also shifted
towards higher values. This also implies that galaxies outside the
completeness limit will have lower stellar masses, and hence lower
metallicities, and higher gas fractions.
3 SCALING RELATIONSHIPS
In this section we present several scaling relations from the proper-
ties derived in § 2. First, we examine the relationship between the
total oxygen abundance (estimated from Eq. 8), and the gas fraction
(µ-Z) relation, as shown in Fig. 4. This figure has been color coded
as a function of the depletion time for all our sample. As a sanity
check, we show Eq. 2 for an effective yield of 0.01 in solid line,
0.007 & 0.014 as dashed lines, and 0.0047 & 0.021 as dot-dashed
lines. Also, we show the prediction of the closed-box model with
oxygen yield y0 = 0.00268 (or −2.57 in log units) from Pilyugin et
al. (2004) (red solid line). It is worth noting that ∼98 % of our SF
sample has higher yields than the closed-box model prediction.
From Fig. 4, galaxies with low gas fraction show high gas
metallicities, and are forming stars at higher efficiencies, or lower
depletion times. On the other hand, galaxies with high gas fractions
show low gas metallicities and longer depletion times, meaning
they are inefficient at converting gas into stars. This suggests a
downsizing effect in the sense that the less massive galaxies are
slower in converting their mass into stars and in building up their
metal content (e.g., Vale Asari et al. 2009). Furthermore, galaxies
from the Virgo cluster (shown in filled larger circles), are shifted
towards lower gas fractions. As discussed by Hughes et al. (2013),
the most likely scenario is that the gas from these galaxies was
removed, decreasing the gas fractions. Interestingly, galaxies from
the Virgo cluster align very well with the closed-box model (red
solid line in Fig. 4). It is important to bear in mind that the µ-
Z relation and Oxygen yield scales will change depending on the
metallicity calibration used, although the shape of this relationship
should remain very similar.
We explore as well scaling relations with the SFE as an indica-
tor of the current efficiency in which galaxies are converting gas into
stars. We find that the SFE shows a large scatter with the baryonic
mass, as shown in Fig. 5 (left), although suggesting opposite trends
within the scatter. Galaxies with Mbar > ∼ 1010, seem to show a
very high dispersion, with a slight correlation with SFE, whereas
galaxies with Mbar < ∼ 1010 show a slight anti-correlation between
the same variables. Furthermore, gas metallicity seems to separate
one tendency from the other, as shown in the color gradient of the
same figure, though we highlight that the dispersion is very high in
the whole relation.
Scaling relations involving the SFE with stellar mass or gas
fraction do not suggest any bimodality, and scale with each other
with amoderate dispersion for theMstar−SFE relation, and a smaller
dispersion for the µ−SFE relation, as shown in the center and right
MNRAS 000, 1–19 (2019)
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Figure 4. Gas fraction and metallicity relation (µ-Z) as a function of depletion time for all galaxies in our sample. SDSS/AFALFA and SDSS/GASS are shown
in dots, SDSS/COLD GASS in filled squares, and Virgo galaxies in large filled circles. Galaxies outside our completeness limit are shown in gray dots. Using
Eq. 2, we are showing an effective yield of 0.01 in solid line, 0.014 & 0.007 in dashed lines, and 0.0047 & 0.021 as dot-dashed lines. The red solid line is the
prediction of the closed-box model with oxygen yield y0 = 0.00268 (Pilyugin et al. 2004).
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Figure 5. Scaling relationships between the SFE with respect to Baryonic mass (left), stellar mass (center), and gas fraction (right). All figures are color coded
as a function of the gas metallicity. Linear fits correspond only to galaxies within the completeness limit, and are given in equations 15 and 16, respectively.
Symbols are the same as in Fig. 4.
panels of Fig. 5, respectively. The obtained fits for the Mstar−SFE
and µ−SFE relations are:
log(SFE) = 0.4365(±0.0154) × log(Mstar) − 14.16(±0.15) (15)
with RMSE = 0.47
log(SFE) = −1.2729(±0.0242) × µ − 9.3275(±0.0128) (16)
with RMSE = 0.37
Linear fits are performed in “R" with the package “HYPER-
FIT" (Robotham & Obreschkow 2015), which uses traditional like-
lihood methods to estimate a best-fitting model to multidimensional
data, in the presence of parameter covariances, intrinsic scatter, and
heteroscedastic errors on individual data points. It assumes that both
the intrinsic scatter and uncertainties on individual measurements
are Gaussian, and allows for error covariance between orthogonal
directions. Hereafter, all the linear fits of this paper are performed
MNRAS 000, 1–19 (2019)
8 Maritza A. Lara-López
[h!]
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
ll
l
ll
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
ll
l
l
l
l
ll
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
ll
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
ll
l
l
ll
ll
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
log(Mbar Msun)
E(B
−
V) g
a
s
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
0 0.2 0.4 0.6 0.8 1
Mgas (Mstar + Mgas)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
7.5 8.5 9.5 10.5 11.5−0.5
0.0
0.5
1.0
1.5
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
Mgas (Mstar + Mgas)
lo
g(S
SF
R
) [y
r−
1 ]
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
ll
ll
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l l
l
l
l l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
ll
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l ll
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
l
l
l
l
8.3 8.4 8.5 8.6 8.7 8.8
12 + log(O H)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
ll
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
0.0 0.2 0.4 0.6 0.8 1.0
−12
−11
−10
−9
−8
Figure 6. Top: Baryonic mass vs. color excess E(B-V) as a function of gas
fraction. Bottom: Gas fraction and SSFR as a function of gas metallicity.
Linear fits correspond only to galaxies within the completeness limit, and
are given in Eq. 17, and 18, respectively. . All symbols are similar as in
previous figures.
using HYPERFIT, only to those galaxies within the completeness
limit, and taking into account errors in both axes. As a goodness
of fit, we estimate the root mean square error (RMSE, defined as√∑n
i=1(yi − yˆ)2/n , where yi is the ith observation of y, and yˆ the
predicted y value given the model).
Furthermore, we examine the color excess E(B − V)gas as an
indicator of extinction. We find a clear correlation of E(B − V)gas
with Mbar, given by Eq. 17 where massive galaxies show a higher
amount of extinction for log(Mbar) > 9.5 M . We find however,
that for galaxies with log(Mbar) < 9.5 M , the relationship tends to
flatten, with a median value of E(B − V)gas = 0.15 (see Fig. 6, top).
E(B − V)gas = 0.6861 (± 0.0116) × log(Mbar) − 6.532 (± 0.119)
(17)
with RMSE = 0.22, for log(Mbar) > 9.5
On the other hand, the SSFR increases linearly with the gas
fraction (see Fig. 6, bottom), as expected due to the downsizing
effect. Galaxies with very high gas fractions, are mostly outside the
completeness limits, and show a very steep increase of their SSFR.
The linear relation, follows the next equation:
log(SSFR) = 0.7228 (± 0.0238) × µ − 10.3838 (± 0.0126) (18)
with RMSE = 0.37
In general, galaxies with a high stellar mass tend to convert gas
into stars more efficiently, show lower gas fractions, higher metallic-
ities, larger dust content, and a lower SFR per unit mass, consistent
with an active star formation history and an earlier assembly of their
stellar mass. However, when the baryonic mass is taken as a refer-
ence, there is not a single tendency of Mbar and SFE, and galaxies
with a high Mbar, show a rather scattered SFE.
On the other hand, galaxies with low stellar mass show exactly
the opposite, lower star formation efficiencies, high gas fractions,
lower metallicities, a very low dust content, and a high SFR per
unit mass. However, galaxies with a low Mbar, show a scattered
anti-correlation with SFE.
We notice a separation between low and massive galaxies
only when the baryonic mass is used (Figs. 5, left, & 6, top). When
gas fractions or stellar masses are used as a reference, galaxies will
scale uniformly with other properties.
One of the most interesting relationships we found is between
Mbar and yeff , as shown in Fig. 7. Besides the large dispersion
shown in this relationship, we can appreciate a bimodality, when
galaxies with log(Mbar) . 10 Mshow a correlation, while larger
values of Mbar show an anticorrelation. This bimodal behaviour is
also noticeable for galaxies from the Virgo cluster (large circles in
Fig. 7). Furthermore, the yeff seems to scale with SFE, as shown in
the color code of the same figure.
This relationship was previously studied by Ekta & Chengalur
(2010) for lowmetallicity galaxies. They analyzed a set of extremely
metal-deficient (XMD) galaxies, blue compact galaxies, and dwarf
irregular galaxies, with metallicities6 1/10 solar. They find that the
yeff increases with baryonic mass in their Fig. 4 (bottom), which is
valid from 7 < log(Mbar) < 9.7, the corresponding equation to their
relation is given by:
log(yeff)Ekta = 0.30116 × log(Mbar) − 4.9818 (19)
In Fig. 7, we show the fit of Ekta &Chengalur (2010) in dashed
lines, finding a very good agreement with our lowmass sample. This
strengthen the idea that for log(Mbar) . 10M , there is a correlation
between Mbar and yeff . Furthermore, other authors have agreed that
for low mass galaxies, yeff correlates with Mbar (e.g., Garnett et al.
2002; Tremonti et al. 2004; Lee et al. 2006).
We note that DeRossi et al. (2017) reported a similar behaviour
for the Mbar − yeff relation at z = 0 when analysing EAGLE simula-
tions (see their Fig.7). However, in general, these authors obtained
lower values of yeff , which might be a consequence of a different
metallicity calibration, as well as the larger aperture they used to
estimate metallicities (30 kpc). Also, in that work, gas fractions
were estimated considering only star-forming gas particles inside
30 kpc, while here, we consider the whole gas component within
70 kpc. See Appendix B for more details about aperture effects on
the Mbar − yeff relation in EAGLE simulations.
From the oxygen yields histogram in Fig. 3 and Fig. 7, we find
that the highest values ( log(yeff) > −2 ) correspond to galaxies
with a similar metallicity distribution shown in Fig. 3, but higher
gas fractions, with a median of ∼0.7, almost 0.2 dex higher than
the general gas fraction distribution in Fig. 3. It is been suggested
MNRAS 000, 1–19 (2019)
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Figure 7. Baryonic mass vs. Effective oxygen yields color coded with
log(SFE). The dashed line shows the relationship of Ekta & Chengalur
(2010) for extremely metal-deficient galaxies (Eq. 19). All symbols are
similar as in previous figures.
by Vincenzo et al. (2016) that high values of effective yield may be
indicative of an IMF favouring massive stars (see also Mollá et al.
2015).
In order to understand the suggested bimodality of the Mbar −
yeff relation in Fig. 7, we will now examine the stellar ages of our
galaxies and perform a more detailed analysis of this relationship
with more dimensions (§ 6). Furthermore, we seek different scenar-
ios and the feedback processes that can produce such a bimodality
by investigating the results from the EAGLE simulations (§ 4).
3.1 Stellar Ages
The stellar age in galaxies is key to understand the timescales in
which galaxies have converted their gas into stars. We use the
Bayesian-likelihood estimates of the r-band light-weighted ages (tr)
for the SDSS-DR7 estimated by Gallazzi et al. (2005). In summary,
the stellar ages are derived by comparing the spectrum of each
galaxy to a library of Bruzual & Charlot (2003) models at medium-
high spectral resolution, encompassing the full range of physically
plausible star formation histories. Similarly to Kauffmann et al.
(2003a), they adopted a Bayesian approach to derive a posteriori
likelihood distribution of each physical parameter by computing the
goodness of fit of the observed spectrum for all the models in the
library.
After matching the stellar ages catalog with the
SDSS/ALFALFA SF sample, we obtained 4266 galaxies within
the completeness limit and 1888 galaxies outside the completeness
limit. The stellar ages are distributed from ∼ 108.6 - 109.9 years
(see Fig 8, right), with a negative skew that could be indicative of a
second, younger population. We show the µ-Z relation as a function
of stellar age (Fig 8, left), as appreciated, a large fraction of the
galaxies have high gas metallicities. Additionally, we find that the
tr-SSFR relation is tightly anti-correlated, and have included this
relationship as it may be useful to have a rough estimate of the
stellar age when it cannot be estimated through more sophisticated
methods. The obtained fit is:
log(SSFR) = −0.9509 (± 0.0156)×log(tr)−1.1391 (± 0.1462) (20)
with RMSE = 0.29
A further discussion on the implication of the stellar age is
given in § 6.
4 CONFRONTING SIMULATIONS WITH
OBSERVATIONS
In order to get some insight into the astrophysical processes which
could drive the observed scaling relations for yeff , we compared
our results with predictions from the EAGLE suite of cosmological
simulations (Crain et al. 2015; Schaye et al. 2015).3 In Sec. 4.1, we
briefly describe the set of EAGLE simulations used in this work and
the simulated galaxy sample. A comparison between observational
data and EAGLE results is presented in Sec. 4.2, while in Sec. 4.3
we discuss the effect of AGN feedback on effective yields.
4.1 EAGLE simulations
EAGLE simulations were performed by using a modified version of
the GADGET-3 hydrodynamical code (Springel 2005). These sim-
ulations track the joint evolution of dark matter and baryons within
different periodic comoving volumes, adopting different resolutions.
The cosmology used is by EAGLE is H0 = 67.77 km s−1 Mpc−1,
ΩM = 0.307, and ΩΛ = 0.693. Different processes are included in
the EAGLE subgrid physical model, such as radiative cooling and
heating of the gas, star formation, chemical enrichment, stellar and
AGN feedback, among others (see Schaye et al. 2015; Crain et al.
2015, for more details).
Here, we will focused on the analysis of the so-called Recal-
L025N0752, Ref-L050N0752, AGNdT9-L050N0752, and NO-
AGN-L050N0752 simulations, as they provide important clues for
the understanding of the observed yeff trends (see below). The suffix
in the name of the simulations indicate the box length in comov-
ing megaparsec (cMpc, e.g. L025) and the cube root of the ini-
tial number of particles per species (e.g. N0752). For simulations
run with the reference model (denoted with the prefix ‘Ref’), the
subgrid parameters associated to energy feedback were calibrated
to obtain good agreement with the z = 0.1 galaxy stellar mass
function (GSMF), whilst also reproducing the observed sizes of
present-day disc galaxies. Higher resolution simulations (e.g. Recal-
L025N0752) implement also a ‘Recal-’ model, which uses subgrid
parameters that have been recalibrated to improve the fit to the z ∼ 0
GSMFwhen increasing the resolution. Variations of AGN feedback
parameters have only been explored within comoving volumes of
side lengths of 50 cMpc ( ‘L050’ runs); thus, the latter simulations
will be used to study the impact of AGN feedback on yeff . In particu-
lar, simulation AGNdT9-L050N0752 assumes a temperature incre-
ment associated to AGN heating of ∆TAGN = 109 K while, for the
reference model, ∆TAGN = 108.5 K. Increasing ∆TAGN drives more
energetic individual feedback events, generally leading to smaller
radiative losses in the ISM. Larger values of ∆TAGN produce a more
3 See http://eagle.strw.leidenuniv.nl and http://www.eaglesim.org/ for dif-
ferent data products, images and movies (McAlpine et al. 2016; The EAGLE
team 2017).
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Figure 8. Left: µ-Z relation as a function of age weighted by r-luminosity (tr), Center: tr-SSFR relation as a function of gas fraction. Right: Ages histogram.
Galaxies within the completeness limit are color coded (4266 galaxies), while galaxies outside the completeness limit with an stellar age measured are shown
in grey (1888 galaxies).
intermittent feedback process (see De Rossi et al. 2017 for a deep
analysis of AGN feedback effects on the global chemical enrichment
of galaxies). In the case of the simulation NO-AGN-L050N0752,
the black hole (BH) model is turned off: BH gas accretion and AGN
feedback are completely disabled.
Throughout the current work, the global properties of simu-
lated galaxies that are typically measured from optical diagnostics
(e.g. Mstar, SFRs, stellar ages, chemical abundances), are estimated
considering bound particles within a spherical aperture of radius 30
kpc centred on the potential minimum of the system. According to
Schaye et al. (2015), stellar masses derived in this way are compa-
rable to those obtained within a projected circular aperture of the
Petrosian radius. As oxygen abundances are typically inferred from
SF gas HII regions, in this work, we evaluate chemical abundances
taking into account only star-forming gas particles, similarly to the
procedure applied by De Rossi et al. (2017). In Appendix B, we
show that the main trends found for EAGLE simulated yields are
robust against aperture effects.
For estimating gas masses (Mgas), we followCrain et al. (2017)
and consider a larger aperture of 70 kpc, which roughly corresponds
to the Arecibo L-Band Feed Array (ALFA) FWHM beam size of
∼ 3.5 arcmin (Giovanelli et al. 2005) at the median redshift of the
GASS sample, z = 0.037 (Catinella et al. 2010). In the case of
simulations, we define Mgas as the total hydrogen mass enclosed
by 70 kpc. We have checked that, for the scaling relations studied
here, similar general trends are obtained if defining Mgas as the
neutral hydrogen mass (MHn), whereMHn was calculated following
previous works (e.g. Marasco et al. 2016). As the estimate of MHn
involves further assumptions and approximations, for the sake of
simplicity, we do not applied such separation in this work. The
larger aperture of 70 kpc used for estimating Mgas leads to ≈ 0.1
higher gas fractions than those obtained if using an aperture of 30
kpc. As we will shown in Appendix B, if we measure all simulated
quantities within 30 kpc, only moderate changes are obtained in the
normalization and scatter of the Mbar − yeff relation but the main
trends are preserved.
Finally, to avoid resolution issues, in our analysis we only
consider the simulated galaxies with Mstar > 109 M (Schaye et
al. 2015). Unless otherwise specified, we only present results for
galaxies with Mstar > 109 M .
4.2 Comparison with observations
Within the EAGLE suite of simulations, the high-resolution Recal-
L025N0752 run shows the best agreement with the observed metal-
licity scaling relations (e.g. Schaye et al. 2015; De Rossi et al.
2017, 2018). In particular, De Rossi et al. (2017) found that these
simulations are able to reproduce the observed trends for the mass-
metallicity relation and its secondary dependences on gas fraction,
SFR, SSFR, and stellar age. Regarding effective yields, the Recal-
L025N0752 run also predicts effective yields consistent with obser-
vations of local low-mass galaxies (see De Rossi et al. 2017, Fig. 7);
but, at higher masses, yeff tends to decrease with mass, departing
from the observed behaviour reported by Tremonti et al. (2004). It
is worth noting that De Rossi et al. (2017) estimated gas masses
considering SF gas particles within 30 kpc and such definition is
different to that applied here (Sec. 4.1). So, caution should be taken
when comparing our results with those obtained by De Rossi et al.
(2017). Tremonti et al. (2004) derived gas masses indirectly from
the observed SFRs assuming a Schmidt law (Kennicutt 1998). We
will show that effective yields obtained from the Recal-L025N0752
simulations and observational results presented here are in better
agreement over a larger mass range.
As a sanity check, in Fig. 9 we show a direct comparison
between our main ALFALFA/SDSS sample, and the result of the
high resolution EAGLE simulations. Simulations and observations
are in a perfect agreement. Furthermore, even the dispersion in the
scaling relations is recovered, where the Mbar−yeff relation shows
a bi-modal behaviour, and the tr−SSFR relation shows a very tight
anti-correlation. We only note that EAGLE galaxies tend to be older
than observed ones,whichmight be a consequence of the lowermass
cut that we imposed to our simulated sample (Mstar > 109 M).
In order that simulated galaxies are well resolved and to avoid
numerical artifacts, we follow De Rossi et al. (2017) and analyse
only galaxies with Mstar > 109 M (see also Schaye et al. 2015).
With this mass limit, we obtain, for example, more than 7000 bary-
onic particles within an aperture of 30 kpc for the Recal-L025N0752
simulation. We note, however, that this lower mass cut is below the
mass limit associated to the observed sample within the complete-
ness limit (> 107 M , Fig. 2). Had we included in our analysis the
sub-sample of simulated galaxies with 107 M <Mstar < 109M ,
higher effective yields would have been obtained at the low-mass
end of our analysed scaling relations, reaching log(yeff) ∼ −1 in
some cases. The increase of log(yeff) is explained considering that
MNRAS 000, 1–19 (2019)
Oxygen yields as feedback indicators 11
galaxies within such low mass range, tend to show higher than av-
erage gas fractions, SSFRs and lower than average SFEs and ages
(see Fig. 10). Finally, we note that a mass limit of 107 M selects
systems poorly resolved (less than 50 baryonic particles within 30
kpc) even for the Recal-L025N0752 simulation (the higher resolu-
tion simulation within the EAGLE suite). Therefore, we decided to
apply a cut at a higher mass (109 M ).
We also notice that high values of yeff & −1.8 (over solar)
are predicted for simulated gas-rich galaxies with the lowest SFE,
highest SSFR and youngest ages.
4.3 Impact of AGN feedback
The third panel in Fig. 9 shows that observations and simulations
predict a correlation between yeff and Mbar at low masses. This
behavior has been previously explained in the literature by invoking
the higher efficiency of galactic winds to eject metals from the
shallower potential wells of low-mass galaxies. On the other hand,
at high masses, a flattening of the Mbar−yeff relation was reported
by Tremonti et al. (2004). Interestingly, our main ALFALFA/SDSS
and EAGLE samples predict an anti-correlation between yeff and
Mbar for massive galaxies. It is important to note that Tremonti et al.
(2004) used indirect estimations of gas masses, while in this work
we are using direct measurements. In this section, we will show that
such effect seems to be a consequence of AGN feedback.
Fig. 10 show effective yields as a function of baryonic mass for
differentEAGLE simulations: Recal-L025N0752, Ref-L050N0752,
AGNdT9-L050N0752 and NO-AGN-L050N0752 (from top to bot-
tom, as indicated in the figure). Median relations at z = 0 are shown
binned in µ = Mgas/(Mgas+Mstar), SFE, SSFR and stellar mean age
(from left to right, as indicated in the figure). All considered mass
bins contain Nbin > 5 galaxies; less populated bins (5 6 Nbin < 10)
are marked with a circle. For simulation Recal-L025N0752, stellar
mean age is weighted by luminosity in the r band using photo-
metric data of stellar particles available in the public EAGLE data
base (McAlpine et al. 2016). As photometric data are not available
for all ‘L050N0752’ simulations, we use the mass-weighted mean
ages (tm) when analysing samples of galaxies extracted from those
simulations.
The top panels in Fig. 10 show results for the Recal-
L025N0752 simulation. In each panel, the black solid line depicts
the median relation associated to the whole sample of galaxies. It is
clear that, for smaller galaxies, yeff seems to correlate with Mbar, on
average. In addition, at a given log(Mbar) . 10 M , systems with
lower values of yeff show lower fgas, higher SFEs and lower SSFRs;
but, there is a no clear dependence of yeff on age at low masses. On
the other hand, for more massive galaxies, yeff decreases with Mbar
on average. In addition, at a given log(Mbar)& 10M , lower values
of yeff are associated to old galaxies with low gas fractions, SFEs
and SSFRs; thus, passive systems whose SF process is quenched.
In order to investigate at what extent AGN feedback might
be responsible for the very low values of yeff at high masses, we
analyse simulations Ref-, AGNdT9- and NO-AGN-L050N0752. As
mentioned, the ‘Ref’ model is the standard one, while the ‘NO-
AGN’ model suppresses all AGN feedback effects. On the other
hand, the ‘AGNdT9’ model predicts a stronger impact of AGN
feedback on the chemical evolution of galaxies, as discussed in detail
in De Rossi et al. 2017 (see their Sec. 3.3 and 7.1.2). The three lower
rows of panels in Fig. 10 compare the Mbar−yeff relations for the
aforementioned simulations. It is clear that, at low masses, similar
trends are obtained for the different AGN feedback prescriptions. As
expected, low mass systems seem not to be significantly affected by
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− 11 − 10.5 − 10 − 9.5 − 9
log(SFE) [yr−1]
EAGLE
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Figure 9. From top to bottom, µ-Z, µ-SFE,Mbar-yeff , and tr-SSFR relations.
EAGLE high resolution simulations corresponding to Recal-L025N0752 are
shown in diamonds color coded as the variable in the inset color bar. Dark-
gray dots show our main ALFALFA/SDSS sample within the completeness
limit, while light-gray dots show galaxies outside the completeness limit.
The fits shown in solid lines for the 2nd and 4th panels, from top to bottom,
correspond to Eq. 16, and 20, respectively.
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Figure 10. Effective yields as a function of baryonic mass for different EAGLE simulations: Recal-L025N0752, Ref-L050N0752, AGNdT9-L050N0752,
NO-AGN-L050N0752 (from top to bottom, as indicated in the figure). The curves with error bars indicate the z = 0 median relations together with the 25th and
75th percentiles corresponding to simulated galaxies binned in fgas = Mgas/(Mgas + Mstar), SFE, SSFR and stellar mean age (from left to right, as indicated
in the figure). All considered mass bins contain Nbin > 5 galaxies; less populated bins (5 6 Nbin < 10) are marked with a circle. As a reference, the median
relation associated to the whole sample of galaxies is shown with a black solid curve in each panel. Yields in this figure were derived by measuring metallicities
inside an aperture of RZ = 30 kpc. See Appendix B, for an analysis of aperture effects.
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AGN feedback. However, as mass increases, AGN feedback effects
seem to be stronger, leading to an anti-correlation between yeff
and Mbar at the high-mass end. Simulations run with the ‘Ref’ and
‘AGN-dT9’ model, which include AGN feedback, predict such anti-
correlation, while the ‘NO-AGN’ model, in which all BH processes
were turned off, predicts a correlation between yeff andMbar at high
masses. Moreover, the simulation ‘AGN-dT9’, which implements a
higher temperature increment associated to AGN heating (∆TAGN =
109 K), leads to a stronger decrease of yeff at highmasses. According
to our results, systems more affected by AGN feedback are old and
exhibit very low yeff , µ, SFE and SFR. Thus, AGN feedback seems
to have quenched their SF and chemical evolution. Only gas-rich
mergers or significant gas accretion events might lead to further
evolution of such galaxies.
Our findings for massive galaxies are consistent with previous
results by De Rossi et al. (2017). According to these authors, at a
given mass, SFR tends to decreases as ∆TAGN increases because
the less frequent but more energetic feedback events corresponding
to a higher ∆TAGN are more efficient at regulating SFR in mas-
sive galaxies. In addition, at a given mass, a higher ∆TAGN leads
to lower metallicity values. De Rossi et al. (2017) conclude that
this behaviour seems to be driven by AGN feedback through three
different channels: the ejection of metal-enriched material, which
generates a net metal depletion in simulated galaxies; the heating of
gas remaining in galaxies, which quenches the SF activity and, thus,
prevents further chemical enrichment from star formation; and, a
minor role of net metal dilution after star formation is suppressed
by AGNs.
5 ON THE RELATIONSHIP BETWEEN Mbar and yeff
With the aim of characterizing the driver of the opposite trends
between low and high Mbar galaxies, we analyze in more detail the
Mbar−yeff relation for different cuts in SFE, color coded by age,
as shown in Fig 11. From top left to bottom right, all the black
linear and polynomial fits from Fig. 11 are shown in Eq. 21, with
its respective RMSE. The dashed lines in panels (d) and (e) show
the fit of Ekta for XMD galaxies (Eq. 19), while the vertical dashed
lines in panels (d) and (e) show the inflection point (stellar mass
of the maximum value of the fitted function), in which the data
change from a correlation to an anti-correlation, log(Mbar) ∼ 10.2
for panel (d), and log(Mbar) ∼ 10.3 for panel (e).
log(yeff) = −0.5013(±0.0559) × log(Mbar) + 3.134(±0.5769)
for log(SFE) < −10.4, with RMSE = 0.25
log(yeff) = −0.4663(±0.0546) × log(Mbar) + 2.732(±0.5626)
for −10.4 < log(SFE) < −10.1, with RMSE = 0.24
log(yeff) = −0.06996(±0.13371) × log(Mbar) + 2.842(±1.373)
for −10.1 < log(SFE) < −9.8, with RMSE = 0.16
log(yeff) = 47.4476(±17.1622) − 16.3741(±5.2340) × log(Mbar)+
1.7786(±0.5309) × log(Mbar)2 − 0.0638(±0.0179) × log(Mbar)3
for −9.8 < log(SFE) < −9.5, with RMSE = 0.13
log(yeff) = 34.9975(±17.3501) − 12.5641(±5.3152) × log(Mbar)+
1.3836(±0.5414) × log(Mbar)2 − 0.0501(±0.0183) × log(Mbar)3
for −9.5 < log(SFE), with RMSE = 0.14
(21)
For comparison, we are including as well the EAGLE sim-
ulation model ‘Recal’ in green lines, and ‘NO-AGN’ in orange
dot-dashed lines. The simulations shown in each panel correspond
to the closest SFE from the models. Panels (a) and (b), show the
simulation ‘Recal’ with log(SFE) in the range [-11.5 , -10.2], panel
(c) in the range [-10.2 , -9.7], while panels (d) and (e) show the range
[-9.7 , -8.62]. As for the ‘NO-AGN’ simulation, panels (a), (b), and
(c) show log(SFE) in the range [-11.2 , -9.93], panel (d) shows the
range [-9.93, -9.51], and panel (e) the range [-9.51, -8.12].
From Fig. 11, panels (a) and (b) show a clear anti-correlation
betweenMbar and yeff . Furthermore, galaxieswith such lower values
of SFE are dominated mostly by old galaxies. Both panels have a
median age of log(tr) ∼ 9.5. The EAGLE simulations show as well
an anti-correlation in both, the ‘Recal’ and ‘NO-AGN’ models for
the same panels. What we could conclude, is that for older galaxies
the effective yield will decrease as the baryonic mass increases.
For galaxies with −10.1 < log(SFE) < −9.8 (panel c), there is
no clear tendency, the median age for them is log(tr) ∼ 9.4, and cor-
responds to a rather transitional stage of galaxies. The next panels,
(d) and (e), show intervals with a higher SFE, and show a relation
for log(Mbar) < 10, that anti-correlates for higher baryonic masses.
Galaxies with log(Mbar) > 10 are clearly older galaxies with median
log(tr) ∼ 9.4 and 9.3 for panels (d) and (e), respectively. Contrary,
galaxies with log(Mbar) < 10 are young galaxies with median log(tr)
∼ 9.1 and 9.0 for panels (d) and (e), respectively. The simulation
‘Recal’ agrees with a correlation for lower baryonic masses, how-
ever, it does not show any values for higher masses because of its
limited associated simulated box (25 cMpc side lenght). On the
other hand, the ‘NO-AGN’ model shows that the correlation would
continue for more massive galaxies if galaxies had not experience
any AGN activity in their history.
From this figure, we can deduce that galaxies that are convert-
ing their gas into stars less efficiently (e.g., log(SFE) < -10.4), are
older, and show a clear anti-correlation between their oxygen yield
and baryonic mass. On the other hand, galaxies that are efficient
at converting their mass into stars (e.g., log(SFE) > -9.8) show a
bi-modality that is separated by age, in which the yield increases
with Mbar for younger galaxies up to log(Mbar) <10, and decreases
for older galaxies for log(Mbar) >10.
Since the stellar age is one of the key properties in our scaling
relations, in Fig. 12 we show the Mbar-yeff relation for different
cuts of age, color coded by their depletion time. All symbols are
similar to the previous figure. As a comparison, we are showing
as well the Recal and NO-AGN simulations in green and orange
lines, respectively. Panel (c) shows the ‘Recal’ simulation for the
age range of [9.19, 9.5] yr, panel (d) for [9.5, 9.67] yr, and panel (e)
for [9.67,10], respectively. Unfortunately, the EAGLE simulations
do not have a high enough resolution to appropriately describe
younger, low mass galaxies, for which panels (a) and (b) do not
show any simulations. On the other hand, the ‘NO-AGN’ model
for an age range of [8.9, 9.78] is shown in panels (b), (c) and (d),
while panel (e) shows the age range [9.78, 9.86]. Similarly to the
‘Recal’ simulations, the resolution is not good enough to describe
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Figure 11. Baryonic mass as a function of effective oxygen yield divided in panels of SFE. Every panel is color coded by age using a common color scale shown
in the bottom right panel. The black solid lines show the linear and 3rd order polynomial fit to each panel, respectively, with its respective equations given in
Eq. 21. The solid green lines correspond to the Recal-L025N0752 simulations of Fig. 10 for the same variables. The dot dashed orange lines correspond to the
No-AGN-L050N0752 models from the same figure. The dashed black line correspond to the relation of Ekta et al. for XMD galaxies (Eq. 19). Vertical dashed
lines show the point of inflection log(Mbar) ∼ 10.22 for panel (d), and log(Mbar) ∼ 10.3 for panel (e). Only galaxies from the SDSS and ALFALFA surveys
with measured age are shown (4266 galaxies).
younger low mass galaxies. The fits to the observational data for the
Mbar-yeff relation in bins of age (Fig. 12) are listed below:
log(yeff) = 0.2217(±0.0366) × log(Mbar) − 4.339(±0.363)
for log(tr) < 8.9, with RMSE = 0.23
log(yeff) = 0.1515(±0.0196) × log(Mbar) − 3.672(±0.197)
for 8.9 < log(tr) < 9.2, with RMSE = 0.22
log(yeff) = 0.09963(±0.03303) × log(Mbar) − 3.168(±0.337)
for 9.2 < log(tr) < 9.4 with RMSE = 0.21
log(yeff) = −0.4195(±0.0399) × log(Mbar) + 2.186(±0.414)
for 9.4 < log(tr) < 9.6 with RMSE = 0.21
log(yeff) = −0.4532(±0.0539) × log(Mbar) + 2.553(±0.567)
for 9.6 < log(tr) with RMSE = 0.21
(22)
In Fig. 12, the stellar age provides a clear separation between
the correlation and anti-correlations of the Mbar-yeff relation. For
galaxies with a log(tr) < 8.9, there is a clear correlation between
those variables, the depletion times, i.e., the conversion of gas into
stars, is fast, and there is a very good agreement with the Ekta et al.
sample for XMD galaxies. The next panels (b), and (c), show how
this correlation starts to flatten. For the same panels, the simulations
‘Recal’ and ‘NO-AGN’ show a similar tendency with a somehow
higher yield. For panels (d) and (e), we have an anti-correlation,
in which the yeff decreases as Mbar increases. Furthermore, the
depletion times increase with age, with a median log(tr) of 9.6, 9.8,
9.9, 9.97, and 10.1 for panels (a) to (e), respectively. The ‘Recal’
simulation (green line) for the panel (e) agrees quite well with the
observations. Again, the model for ‘NO-AGN’ shows how theMbar-
yeff relation would continue to increase when no AGN is present in
their history.
6 DISCUSSION
The mass of a galaxy is critical for the fate of its evolution. Stars
in more massive galaxies tend to have formed earlier and over
shorter timescales; contrary to stars in low mass galaxies, which
formed later and on longer timescales. Recently, the interest in this
well established observational result has grown, and its implications
have been more and more appreciated. This downsizing effect (e.g.,
Thomas et al. 2005; Noeske et al. 2007; Fontanot 2009) is still a
matter of several studies. Indeed, a downsizing effect is invoked to
explain the differences between opposite mass population of galax-
ies, however, its nature and physical explanation still remains unclear
(e.g., Neistein 2006).
Several authors have explored the properties of galaxies of
opposite masses, for instance, Kauffmann et al. (2003c) show that
low-redshift galaxies divide into two distinct families at a stellar
mass of 3 × 1010 M . Lower-mass galaxies have young stellar
populations and low surface mass densities. A significant fraction
of them have experienced recent starbursts, and the efficiency of the
conversion of baryons into stars in low-mass galaxies increases in
MNRAS 000, 1–19 (2019)
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Figure 12. Baryonic mass as a function of effective oxygen yield divided in panels of age. Every panel is color coded with log(tdep) using a common color
scale shown in the bottom right panel. The black solid lines show the linear fit to each panel, with its respective equations given in Eq. 22. The solid green
lines correspond to the Recal-L025N0752 simulations of Fig. 10 for the same variables. The dot dashed orange lines correspond to the No-AGN-L050N0752
models from the same figure. The dashed black line correspond to the relation of Ekta et al. for XMD galaxies (Eq. 19).
proportion to halo mass, perhaps as a result of supernova feedback
processes. At stellar masses above 3 × 1010 M , there is a rapidly
increasing fraction of galaxies with old stellar populations, high
surfacemass densities and the high concentrations typical of bulges.
They suggest that the star formation efficiency decreases in the
highest–mass haloes, and that little star formation occurs in massive
galaxies after they have assembled.
Furthermore, by analyzing the HI and H2 content in galaxies,
Saintonge et al. (2011) found that for high mass galaxies, the molec-
ular and atomic gas depletion timescales are comparable, but in low
mass galaxies, molecular gas is being consumedmuchmore quickly
than atomic gas. Furthermore, scaling relations such as theM-SSFR
(e.g., Noeske et al. 2007) clearly show that low mass galaxies are
actively forming stars at a higher rate than massive galaxies per unit
mass.
In is worth nothing that in comparisonwith previousworks that
divide galaxies in two distinct families based on their stellar mass,
we find that the stellar age is a more clear divider in the properties
of galaxies.
Most of the scaling relations analyzed in this paper show
smooth relations or anticorrelations, with RMSE values around
0.22 (Mbar-E(B-V)gas, Fig. 6 ), RMSE = 0.29 (tr -SSFR, Fig. 8),
and RMSE > 0.3 (e.g., Mstar-SFE, Fig. 5). On the other hand, the
Mbar-yeff relationships (Fig. 12) shows a clear bi-modal behavior
when galaxies are separated by (i) stellar age, with RMSE values
going from 0.21 to 0.23, and (ii) by SFE (Fig. 11) , with RMSE
values from 0.14 to 0.25.
Fig. 12 offers a clear picture of how galaxies are evolving.
For one hand, young galaxies show faster depletion times, and
a clear correlation between Mbar and yeff . This behavior has
also been observed by several authors, for instance, Thuan et al.
(2016) analyzed as well the Mbar-yeff relation for BCD galaxies,
finding a very similar result (see Fig. 13 of their paper), where
there is a correlation for log(Mbar) < 10 M , which disappears at
higher Mbar, although suggesting a possible anti-correlation for
higher masses that is not clear due to a low statistic. Similarly,
other authors have analyzed this relation for low mass/metallicity
galaxies, showing a very similar correlation (e.g., Garnett et al.
2002; Ekta & Chengalur 2010).
Among the possible explanations of why the effective yield
increases with baryonic mass, it has been argued by Garnett et al.
(2002), Tremonti et al. (2004) and Silich & Tenorio-Tagle (2001),
that the presence of galactic winds remove metals more efficiently
from the shallower potential wells of low mass galaxies. Sánchez
Almeida et al. (2014, 2015) have argued that low metallicities in
XMDgalaxies are an indicator of infall of pristine gas, a process that
would increase the effective yield in low-mass galaxies. Similarly,
Ekta & Chengalur (2010) propose that the mechanism responsible
for the metal deficiency of XMD galaxies, is a better mixing in
the ISM, where low-metallicity gas from large galactocentric radii
dilutes the central, metal-rich gas (see also Peeples et al. 2009;
Kewley et al. 2006; Lee et al. 2004). Furthermore, recently Belfiore
et al. (2019) found that the inferred outflow loading factor decreases
with stellar mass. It is likely that a combination of all of them to a
different degree will explain the observed increase of the effective
yield with baryonic mass we observe. We reiterate that for our
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sample, we recover a clean correlation between Mbar and yeff only
when young galaxies are selected, as shown in Fig. 12(a).
On the other hand, older galaxies show longer depletion times,
and a clear anti-correlation between Mbar and yeff . EAGLE simu-
lations indicate that black hole feedback is important for massive
galaxies (Mbar > 1010 M), and a crucial effect to take into account
to produce the mentioned anti-correlation. Without black hole feed-
back in the history of these massive galaxies, today their effective
yield would be way higher than the one observed, as shown in Fig
12 (d) & (e). AGN feedback would have quenched the star formation
and metallicity in old, massive galaxies, which is consistent with
the observed low yeff , SFE, SSFR, and gas fractions. Again, the
stellar age, and not just Mbar is crucial, since young galaxies with
Mbar > 1010 still show a correlation betweenMbar and yeff . Another
mechanism at play is the AGN gas heating, as mentioned in Sect
4.3, by increasing ∆TAGN to 109 K, a stronger decrement in the yeff
is produced. On top of the AGN feedback effect, the depletion times
for older galaxies tend to be longer compared to low-mass galaxies.
The effect of an active AGNs in the history of current SF
galaxies has been recently studied by Matthee & Schaye (2019)
using EAGLE simulations, finding that at masses Mstar > 1010
Msun, the residuals in the M-SFR relation are anticorrelated with
the relative efficiency of past Black Hole growth, which is a proxy
of the accumulated AGN feedback energy.
Additionally, another possible effect to bear in mind was ex-
plored by Vincenzo et al. (2016), who find that high values of the
effective yield may be indicative of an IMF favouring massive stars
(Kroupa 2001; Chabrier 2003), and/or a high mass cutoff of the
IMF itself.
It is important to keep in mind the various systematic effects
that could bias our results. For example, the 3" diameter optical fiber
used to take the SDSS spectra could bias our estimated metallicity
by providing only information of the central part for large angular
size galaxies. However, the EAGLE simulations show a very good
agreement with our observed metallicity, for which this effect is
probably not introducing a strong systematic bias. In this sense,
De Rossi et al. (2017, see their Appendix A) show that aperture
effects does not affect the main trends found for metallicity scaling
relations in EAGLE simulations. However, changes in the aperture
can generate moderate variations of the slope and normalization of
those relations, for a more detailed discussion, refer to Appendix B.
Additionally, Iglesias-Páramo, et al. (2016) analyzed aperture
corrections to a sample of SDSS galaxies. They find that for the
redshift range 0.02 < z < 0.05, the average difference between fiber-
based and integrated gas metallicities (estimated through the O3N2
index) would be of 0.034, 0.035, 0.037, 0.013, and 0.013 for the fol-
lowing stellar mass ranges in log(Mstar/ M): 8.5−9.1, 9.1−9.7,
9.7−10.3, 10.3−10.9, 10.9−11.5, respectively. Even though the
metallicity method is different than the one we are using in this
paper, the largest metallicity over estimation would occur when
log(Mstar/ M) < 10.3.
Another important bias could be arise from the different spatial
resolution between our optical and radio data, since the Arecibo L-
band feed array has a bean size of 3.5 arcminutes, quite larger in
comparisonwith the 3" fiber used by SDSS. However, our data again
show a good agreement with the EAGLE simulations when using
different apertures to measure SF gas associated to HII regions (Rap
= 30 kpc) and hydrogen mass (Rap= 70 kpc, Sec. 4.1). Furthermore,
we have performed additional tests adopting the same aperture (30
kpc and 70 kpc) when estimating the latter simulated quantities,
obtaining similar general trends to those reported here for the Mbar
– yeff relation, with only moderate changes in the slope and zero-
point (see Appendix B ). In this context, it is also worth emphasizing
that De Rossi et al. (2017, see their figure 7) were able to reproduce
the observed anti-correlation between yeff and Mbar at high masses
by measuring these properties within 30 kpc and considering only
the total gas mass associated to the star-forming component of
the ISM. Finally, in Appendix B, we performed several tests, re-
calculating properties for EAGLEgalaxies using different apertures.
Such results suggest that the very general trends reported here are
robust against aperture effects: 1. There is a correlation between
Mbar and yeff at low masses. 2. There is an anti-correlation between
Mbar and yeff at high masses. 3. At a fix mass, yeff shows secondary
dependencies on gas fraction, SFE, SSFR and age.
In order to quantify the extent of the circumgalactic medium
(CGM) and the fiber effect of the SDSS spectra, we consider an
approach to measure the fraction of the protocloud originally in-
volved in the chemical evolution of the galaxy. By considering an
inside-out scenario for galaxy formation (e.g., Perez et al. 2013),
we can do a rough estimate of the original protocloud assuming a
closed-box model. First, we use Eq. 1 to estimate the gas fraction of
the protocloud involved in the chemical evolution assuming a ytrue
∼ 0.00268 (Pilyugin et al. 2004), and the current gas metallicity
provided by SDSS. Next, we use Eq 12 to solve for the gas mass of
the protocloud (Mgas_p). We define the baryonic mass fraction of
the protocloud involved in he chemical evolution as:
µp = (Mgas + Mstar) / (Mgas_p + Mstar) (23)
In Fig. 13 we show µp as a function of the stellar mass and
gas metallicity. It is well known that galaxies show a gradient in
gas metallicity from the center to the outskirts of galaxies. The
typical value of the radial abundance gradient is ∼ 0.2 dex/R25
(e.g., Pilyugin et al. 2019). Therefore, the 3" fiber used to obtain
the SDSS spectra introduces a bias towards the center of the SDSS
galaxies, thus, providing systematically highermetallicities for some
galaxies. In order to establish an upper and lower limit for this
systematic effect, we estimate the mass fraction of the protocloud
as indicated in Eq. 23 for two cases: (i) the observed metallicity
(Fig. 13, green contours), and (ii) for 12+log(O/H) − 0.2 (Fig. 13,
black contours). In the same figure, red diamonds and blue circles
correspond to galaxies from the EAGLE simulation Recal, and the
Virgo cluster, respectively. Note that in comparison with Iglesias-
Páramo, et al. (2016), we are using a larger difference of ∼ 0.2
dex.
It is clear from Fig. 13 that for most galaxies the fraction of
the protocloud is lower than the total baryonic mass. Furthermore,
there is a linear trend, where µp increases with stellar mass. This
approximation supports the idea that low mass galaxies have a gas
rich CGM. On the other hand, galaxies on the right hand side of
the dashed line in Fig. 13, show galaxies with a deficit of baryonic
material. The most likely scenario is that galaxies located here have
suffer from removal of gas due to processes such as ram pressure
stripping. Therefore, environmental effects must play a major role
here. In fact, ∼82% of galaxies from the Virgo cluster are system-
atically located here.
7 SUMMARY AND CONCLUSIONS
In this paper we have combined Optical and Radio data from the
SDSS and ALFALFA surveys to create a statistical significant sam-
ple. Moreover, we have used additional data from the Radio surveys
GASS, COLD GASS, and a sample from the Virgo survey with
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Figure 13. Mass fraction of the protocloud estimated as in Eq. 23 vs. stellar mass (left), and gas metallicity (right). Green contours show the protocloud
estimations using the measured metallicity, while black contours show the upper limit 12+log(O/H) - 0.2, assuming a typical gradient of ∼ 0.2 dex/R25 (e.g.,
Pilyugin et al. 2019). Red diamonds and blue circles show data from the Recal EAGLE simulations and the Virgo cluster, respectively.
Optical and Radio information. Through this paper we focused only
on star forming galaxies selected with the BPT diagram. Also, we
applied a completeness limit criteria to build a robust and reliable
sample of galaxies. We analyzed scaling relations between several
Optical (e.g., SFR, gas metallicity), and combined Optical/Radio
(e.g., yeff , SFE, tdep, Mbar) properties of galaxies. Additionally, we
have compared our results with those of the EAGLE simulations. A
summary of our findings is listed here:
• We find that ∼98% of our SF sample has higher yeff than
the closed-box model prediction of log(y0)= −2.57 (Pilyugin et al.
2004).
• Scaling relations with gas fraction show a smooth increment
with SSFR, and an anti-correlation with SFE. This suggests that
galaxies with high gas fractions, are producing a high amount of
stars per unit of stellar mass, although are less efficient at trans-
forming mass into stars in comparison with galaxies with low gas
fractions.
• The SFE relationshipswithMstar andMbar-SFE are very differ-
ent. While the SFE increases linearly with Mstar, the SFE suggests
a bimodality with Mbar (within the high dispersion), where galaxies
with low Mbar show a higher SFE that decreases as Mbar increases,
while galaxies with a high Mbar show a high dispersion.
• We use the color excess E(B-V)gas as indicative of extinction,
finding a smooth increasing relation when log(Mbar) > 9.5. For
lower values of Mbar, this relation seems to flatten at E(B-V)gas ∼
0.15, suggesting lower amounts of dust for these galaxies.
• We analyzed the effective oxygen yields finding a bimodal
distribution with Mbar, suggesting a relation between them when
log(Mbar) .10, in good agreement with the XMD galaxies from
(Ekta & Chengalur 2010). For higher values of Mbar, our data
suggest an anti-correlation.
• To gain a deeper understanding of our observational re-
sults, we use a set of four different EAGLE simulations: Recal-
L025N0752, Ref-L050N0752, AGNdT9-L050N0752, and NO-
AGN-L050N0752. We compare directly the results of the Recal-
L025N0752 simulation with our scaling relations, finding an ex-
cellent agreement. Indeed, we were able to even reproduce the bi-
modality observed in the Mbar-yeff relation.
• To obtain a better interpretation of the SFE behavior for galax-
ies of different masses, we analyzed the Mbar-yeff relations in bins
of SFE. We find that the SFE do not offer a clear bimodality of
this relation. Indeed, for low SFE, galaxies are predominantly old,
and there is an anti-correlation between Mbar-yeff . However, galax-
ies with a high SFE (log(SFE) > −9.8), show a clear bimodality
for the same relation, where there is an indication of a correlation
for log(Mbar) < 10, and an anti-correlation for higher masses. A
comparison with the EAGLE simulations Recal shows a very good
agreement. The model NO-AGN, in which AGN feedback is sup-
pressed, is not able to reproduce the drop in yeff observed for the
higher SFE bins. Therefore, the inclusion of AGN feedback is very
important to reproduce the observations.
• We analyzed in more detail the Mbar-yeff relationship for a
subsample of galaxies with direct measurements of stellar age. We
find that this relationship, with an apparent high dispersion, can be
separated in clean correlations and anti-correlations when bins of
stellar age are taken. For young galaxies, the yeff increases with
Mbar, furthermore, XMD galaxies from Ekta & Chengalur (2010)
are in good agreement with this sub-sample. As the bins in stellar
age increase, the Mbar-yeff relation starts to flatten until it becomes
an anti-correaltion for log(tr) > 9.4 yr. The ‘Recal’ simulation pre-
dicts the correlations and anti-correlation observed in this relation.
Furthermore, the simulations predict that young, low mass systems
are not significantly affected by AGN feedback. However, as age and
baryonic mass increase, AGN feedback effects seem to be stronger,
leading to an anti-correlation. Furthermore, the ‘NO-AGN’ model,
predicts a correlation between the same variables.
• By using a rough estimation of the original protocloud of
the galaxy, we find that low mass galaxies have a gas rich CGM.
Furthermore, the CGM decreases as galaxies convert gas into stars,
thus increasing their stellar mass. We find that the baryonic mass of
the protocloud can be used to identify galaxies that have experienced
intense loss of baryonic material.
• Among the possible reasons of why the effective yield changes,
it is likely that several mechanisms are playing a role, and that their
degree of impact depend strongly on the age and baryonic mass the
galaxies.
– For young galaxies with predominantly low Mbar, it has
been argued that the presence of galactic winds would remove
metals more efficiently from the shallower potential wells of low
mass galaxies, which would result in a higher yeff . Furthermore,
infall of pristine gas would increase the effective yield as well. A
combination of both processes it is likely to produce a correlation
between yeff and Mbar. Additionally, this tendency is stronger
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for young galaxies, which also show faster depletion times.
– For old galaxies, predominantly with log(Mbar) & 10 M ,
the most important mechanism at play is likely to be a past AGN
feedback effect, which would have quenched the SFR and chem-
ical evolution of the galaxy. In this case, only gas-rich mergers or
significant gas accretion events might lead to further evolution.
The EAGLE simulation Recal is able to reproduce the observed
anti-correlation between yeff andMbar, also, the NO-AGNmodel
is not able to reproduce this anti-correlation. Furthermore, the
EAGLE simulation AGNdT9, which implements a higher tem-
perature increment associated to AGNheating (∆TAGN = 109 K),
leads to a stronger decrease of yeff at higher Mbar. Therefore,
different AGN heating temperatures could be affecting and de-
creasing the yeff in different degrees.
• Placing our results in the downsizing scenario, young galaxies
show predominantly low masses (although can extend up to Mbar∼
1010.5 M), show faster depletion times, and do not seem to have
been affected by an active AGN in their history. On the other hand,
older galaxies are predominantly massive (Mbar> 1010 M ), show
on average longer depletion times, and AGN feedback must have
played an important role in their history by quenching their star
formation rate.
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Figure A1. Comparison between different SFRs and metallicities. Left: The
histograms show the difference between MaNGA and Brinchmann et al.
(2004) SFRs (blue), and MaNGA and Duarte Puertas et al. (2017) (red),
for 25 common sources between the three catalogs. Right: The blue his-
togram shows the difference between integrated IFU MaNGA and 3 " fiber
SDSS/ALFALFA gas metallicities estimated in this work for 59 common
sources
APPENDIX A: COMPARISON OF SFRs AND GAS
METALLICITIES WITH OTHER DATABASES
With the aim of identify possible biases affecting our SFRs, in this
section we perform a comparison between the SFRs used in this
paper by Brinchmann et al. (2004), the SFR estimated by Duarte
Puertas et al. (2017) using correction prescribed from IFU data,
and direct integrated IFUMaNGA-DR14 SFRs estimated by us. We
find 59 MANGA-SDSS/ALFALFA counterparts, and 25 common
counterparts in the 3 catalogs.
In Fig A1 left, we present a histogram of the log(SFR) differ-
ence between MaNGA and Brinchmann et al. (2004) in blue, and
MaNGA and Duarte Puertas et al. (2017) in red for the 25 galax-
ies in common in the 3 catalogs. The mean difference between the
integrated log(SFR) of MaNGA and Brinchmann et al. (2004) is
∼0.026 dex, while for MaNGA and Duarte Puertas et al. (2017)
is ∼0.03 dex. Furthermore, using the whole SDSS DR-7 sample,
Ellison et al. (2018) found 394 counterparts with MaNGA DR13
(Albareti, et al. 2017), finding that the mean log(SFR) difference
between Brinchmann et al. (2004) and integrated MaNGA values is
∼0.03 dex.
In Fig A1 right, we show a histogram with the gas metallicity
difference between the 59 MaNGA and SDSS/ALFALFA counter-
parts. Metallicities were estimated consistently for the 2 data sets as
indicated in Sect. 2.1 of this paper, using integrated IFU MaNGA
data, and single 3" fiber for SDSS/ALFALFA data. We find that the
mean difference in 12+log(O/H) is ∼0.03 dex.
APPENDIX B: SIMULATED DATA USING DIFFERENT
APERTURES
In this section, we present results from EAGLE simulations consid-
ering different apertures when estimating galaxy properties.
In Fig. B1, all properties were calculated similarly to those
shown in the top panel of Fig. 10, with the only exception of metal-
licities, which were evaluated at different apertures RZ , as shown
in the different panels. We consider a minimum RZ of ≈ 1.75 kpc,
which is close to the smallest apertures associated to metallicity
estimates for the SDSS sample. We see that a decrease of RZ gen-
erates a slight variation in the shape of the Mbar − yeff relation and
a moderate increase of effective yields (. 0.5 dex), with the most
significant variations in the case of gas-rich galaxies. However, it is
clear, that the main trends of the Mbar − yeff relation are preserved
when varying RZ : there is a correlation at the low-mass end and
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an aticorrelation at the high-mass end. Also, at a fix mass, the sec-
ondary dependences of yeff on gas fraction, SFE, SSFR and tr are
still present at small RZ .
In Fig. B2, we show results from EAGLE simulations when
evaluating all galaxy properties at the same fix aperture of 30 kpc
(top panel) and 70 kpc (bottom panel). When comparing with Fig.
10 (top panels), we see that the main trends of the relationships are
preserved, although variations in the slope and normalization are
present. The most significant variations are obtained when measur-
ing all properties at . 30 kpc because of the decrease of the total
gas mass with respect to our default value for this quantity, which
was measured at . 70 kpc. On the other hand, not very significant
changes with respect to Fig. 10 are obtained when evaluating all
quantities at . 70 kpc. This is a consequence of the fact that the
simulated stellar component and star-forming gas-phase (used to
estimate metallicities) tend to be located in the central regions of
galaxies (. 30 kpc).
We conclude that our main findings are robust against aperture
effects.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure B1. Effective yields as a function of baryonic mass for the EAGLE simulation Recal-L025N0752. Metallicities here have been estimated using different
fix apertures RZ (see title of each panel), while all other properties were calculated using similar apertures to those used in Fig. 10 (top panel). Note that, for
Fig. 10, RZ = 30 kpc.
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Figure B2. Effective yields as a function of baryonic mass for the EAGLE simulation Recal-L025N0752. In contrast with Fig. 10 (top panel), in the top panel
here, all properties have been estimated using a fix aperture of 30 kpc. In the bottom panel, all properties were estimated using a fix aperture of 70 kpc, with the
only exception of the age (tr ). The luminosity-weighted age tr was estimated using an aperture of 30 kpc as the EAGLE database does not provide luminosities
at larger apertures.
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